
Differential contributions of serotonin receptors to the
behavioral effects of indoleamine hallucinogens in mice

Adam L Halberstadt, Liselore Koedood, Susan B Powell, and Mark A Geyer
Department of Psychiatry, University of California, La Jolla, CA, USA

Abstract
Psilocin (4-hydroxy-N,N-dimethyltryptamine) is a hallucinogen that acts as an agonist at 5-HT1A,
5-HT2A, and 5-HT2C receptors. Psilocin is the active metabolite of psilocybin, a hallucinogen that
is currently being investigated clinically as a potential therapeutic agent. In the present
investigation, we used a combination of genetic and pharmacological approaches to identify the
serotonin (5-HT) receptor subtypes responsible for mediating the effects of psilocin on head twitch
response (HTR) and the behavioral pattern monitor (BPM) in C57BL/6J mice. We also compared
the effects of psilocin with those of the putative 5-HT2C receptor-selective agonist 1-
methylpsilocin and the hallucinogen and non-selective serotonin receptor agonist 5-methoxy-N,N-
dimethyltryptamine (5-MeO-DMT). Psilocin, 1-methylpsilocin, and 5-MeO-DMT induced the
HTR, effects that were absent in mice lacking the 5-HT2A receptor gene. When tested in the BPM,
psilocin decreased locomotor activity, holepoking, and time spent in the center of the chamber,
effects that were blocked by the selective 5-HT1A antagonist WAY-100635 but were not altered
by the selective 5-HT2C antagonist SB 242,084 or by 5-HT2A receptor gene deletion. 5-MeO-
DMT produced similar effects when tested in the BPM, and the action of 5-MeO-DMT was
significantly attenuated by WAY-100635. Psilocin and 5-MeO-DMT also decreased the linearity
of locomotor paths, effects that were mediated by 5-HT2C and 5-HT1A receptors, respectively. In
contrast to psilocin and 5-MeO-DMT, 1-methylpsilocin (0.6–9.6 mg/kg) was completely inactive
in the BPM. These findings confirm that psilocin acts as an agonist at 5-HT1A, 5-HT2A, and 5-
HT2C receptors in mice, whereas the behavioral effects of 1-methylpsilocin indicate that this
compound is acting at 5-HT2A sites but is inactive at the 5-HT1A receptor. The fact that 1-
methylpsilocin displays greater pharmacological selectivity than psilocin indicates that 1-
methylpsilocin represents a potentially useful alternative to psilocybin for development as a
potential therapeutic agent.
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Introduction
Hallucinogenic drugs produce profound changes in thought and mood, depersonalization,
and marked perceptual disturbances. Structurally, these drugs belong to two chemical
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classes: indoleamines and phenylalkylamines. Indoleamines, such as lysergic acid
diethylamide (LSD), psilocin, N,N-dimethyltryptamine (DMT), and 5-methoxy-DMT (5-
MeO-DMT) are non-selective serotonin (5-HT) receptor agonists that bind to 5-HT1A, 5-
HT2A, and 5-HT2C receptors with moderate-to-high affinity (Blair et al., 2000; McKenna et
al., 1990; Pierce and Peroutka, 1989). The phenylalkylamine class of hallucinogens includes
phenethylamines such as mescaline and phenylisopropylamines such as 2,5-dimethoxy-4-
iodoamphetamine (DOI); these compounds are highly selective for 5-HT2A and 5-HT2C
receptors (Pierce and Peroutka, 1989). There is extensive evidence from both animals and
humans that the characteristic effects of hallucinogens are mediated by interactions with the
5-HT2A receptor (reviewed by Halberstadt and Nichols, 2010). Other findings, however,
indicate that the 5-HT1A receptor also plays a role in the behavioral effects of the
indoleamines (Krebs-Thomson et al., 2006; Li et al., 2007; Winter et al., 2000).

A variety of behavioral assays have been used to characterize the acute effects of
hallucinogens in rodents (Halberstadt and Geyer, 2010). The most common is the head
twitch response (HTR), a paroxysmal rotational movement of the head that is induced by
hallucinogens in rats and mice (Corne and Pickering, 1967; Yamamoto and Ueki, 1975).
There is considerable evidence that the HTR is mediated by 5-HT2A receptor activation.
Specifically, the HTR induced by hallucinogens is blocked by the highly selective 5-HT2A
antagonist M100907 (Fantegrossi et al., 2005, 2006, 2008; Vickers et al., 2001), and is
absent in 5-HT2A knockout mice (Gonzalez-Maeso et al., 2003, 2007). Nevertheless, it has
been shown that activation of the 5-HT2C receptor attenuates 5-HT2A receptor-induced HTR
in rats (Vickers et al., 2001). This finding raises the possibility that the interaction of
hallucinogens with the 5-HT2C receptor may contribute to or modulate the behavioral effects
of these agents.

The behavioral pattern monitor (BPM), which is designed to provide both quantitative and
qualitative assessments of unconditioned locomotor and investigatory activity, has also been
used extensively to examine the effects of hallucinogens in rats. When tested in a novel
environment, phenylalkylamine and indoleamine hallucinogens reduce locomotor activity
and investigatory responding (rearing and holepoking) and increase avoidance of central
areas of the BPM chamber (Adams and Geyer, 1985; Geyer et al., 1979; Krebs-Thomson et
al., 2006; Mittman and Geyer, 1991; Wing et al., 1990). The effects of DOI in the BPM are
mediated by the 5-HT2A receptor (Krebs-Thomson et al., 1998), whereas the effects of LSD
and 5-MeO-DMT are mediated by 5-HT1A and 5-HT2A receptors (Halberstadt et al., 2008;
Krebs-Thomson and Geyer, 1996; Krebs-Thomson et al., 2006; Mittman and Geyer, 1991).
A recent study examined the effects of DOI in a mouse version of the BPM. The effects of
DOI on activity in the mouse BPM are dose related, with low doses increasing locomotor
activity via the 5-HT2A receptor and higher doses decreasing locomotor activity via the 5-
HT2C receptor (Halberstadt et al., 2009). Little is known, however, about the effects of
indoleamine hallucinogens on locomotor activity in mice.

Psilocybin, the 4-phosphoryloxy derivative of DMT, is found in species of Psilocybe
mushrooms that have a history of ceremonial use in Mexico. Psilocybin is rapidly
dephosphorylated to psilocin in vitro (Eivindvik et al., 1989; Horita and Weber 1961a,
1961b) and in vivo (Hasler et al., 1997), and the latter drug is considered the
pharmacologically active species. In recent years, a number of studies have examined the
effects of psilocybin in human volunteers (Carter et al., 2004, 2005b; Gouzoulis-Mayfrank
et al., 1998, 1999; Griffiths et al., 2006; Umbricht et al., 2003; Vollenweider et al., 1997,
2007; Wittmann et al., 2007). Indeed, preliminary clinical trials have assessed whether
psilocybin is effective at reducing the symptoms of obsessive–compulsive disorder (OCD)
(Moreno et al., 2006) and has efficacy as an anxiolytic agent in terminal cancer patients with
anxiety (Grob et al., 2010). Other studies have examined how interactions with specific
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neurotransmitter receptors contribute to the effects of psilocybin in humans. Vollenweider et
al. have reported that most of the subjective effects of psilocybin are blocked by
pretreatment with the 5-HT2A antagonist ketanserin (Carter et al., 2005a, 2007;
Vollenweider et al., 1998), indicating that the hallucinogenic effects of psilocybin are
mediated primarily by actions at the 5-HT2A receptor. Other effects of psilocybin, however,
such as reduction of arousal and vigilance, slowing of binocular rivalry, and impairment of
multiple-object tracking, were not blocked by ketanserin (Carter et al., 2005a, 2007). The
latter findings indicate that non-5-HT2A receptors are responsible for mediating some of the
effects of psilocybin. Furthermore, it is also possible that the action of psilocybin at 5-HT2A
receptors is modulated by interactions of the drug with other 5-HT receptor subtypes (e.g.
Strassman 1996).

A few studies have examined the effects of hallucinogens in mice, but little is currently
known about the acute behavioral effects of indoleamine hallucinogens in that species.
Considering that psilocin activates several serotonin receptor subtypes (as reviewed above),
further research into the specific receptor subtypes responsible for the behavioral effects of
the drug is warranted. The objective of the present investigation was to assess the behavioral
effects of psilocin in mice using the HTR assay and the BPM, two behavioral paradigms
known to be sensitive to the effects of hallucinogens. We also used a combination of genetic
and pharmacological approaches to identify the 5-HT receptor subtypes responsible for
mediating the behavioral effects of psilocin. Finally, we compared the behavioral effects of
psilocin with those of 1-methylpsilocin (a psilocin analog that is reported to act as a 5-HT2C
receptor-selective agonist; Sard et al., 2005) and 5-MeO-DMT (a hallucinogen that is a
prototypical 5-HT1A/2A/2C agonist). The goal of the studies with 1-methylpsilocin and 5-
MeO-DMT was to determine whether other indoleamines produce psilocin-like behavioral
effects in mice.

Materials and methods
Subjects

Mice were housed at a vivarium at the University of California San Diego (UCSD), USA, an
AAALAC-approved animal facility that meets Federal and State requirements for care and
treatment of laboratory animals. Male C57BL/6J mice were obtained from Jackson Labs
(Bar Harbor, ME, USA); they were allowed to acclimate for approximately 1 week after
arrival. The 5-HT2A wild-type (WT) and knockout (KO) mice were bred in-house; these
animals, originally generated at Columbia University (New York, NY, USA) on a 129S6/
SvEv background (Gonzalez-Maeso et al., 2003, 2007), were backcrossed (N10) onto the
inbred C57BL/6 line. All breeding was conducted using heterozygous breeding pairs to
remove the possibility of genetic drift between WT and KO mice and to ensure that all mice
received equivalent embryonic environments and maternal care. The 5-HT2A WT and KO
mice were weaned at 21–24 days of age, at which point a small portion of the tail (1.5 cm)
was removed for subsequent genotyping by polymerase chain reaction (PCR). All mice were
housed n = 4 per cage, separated by sex, in a climate-controlled room with a reversed light
cycle (lights on at 20:00 hours, off at 08:00 hours). Food and water were provided ad
libitum, except during behavioral testing. All testing occurred between 10:00 and 18:00
hours; animal testing was conducted in accord with the ‘Principles of Laboratory Animal
Care’ NIH guidelines and were approved by the UCSD animal care committee. All efforts
were made to minimize animal suffering and to reduce the total number of animals used.

Drugs
Drugs used were psilocin (National Institute on Drug Abuse, Rockville, MD, USA); 1-
methylpsilocin, 6-chloro-2,3-dihydro-5-methyl-N-[6-[(2-methyl-3-pyridinyl)oxy]-3-
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pyridinyl]-1H-indole-1-carboxyamide dihydrochloride (SB 242,084; Tocris Bioscience,
Ellisville, MO, USA); 5-methoxy-N,N-dimethyltryptamine oxalate (5-MeO-DMT), and N-
[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-pyridyl)cyclo-hexanecarboxamide
maleate (WAY-100635; Sigma Chemical Co., St. Louis, MO, USA). Psilocin and 1-
methylpsilocin were dissolved in 0.05– mM tartaric acid, brought up to pH 5–6 using 1 N
NaOH. SB 242,084 was dissolved in sterile water containing 1% Tween 80. WAY-100635
was dissolved in sterile water. Doses of 5-MeO-DMT refer to the equivalent freebase
weight. All drugs were administered subcutaneously at a volume of 5 mL/kg bodyweight.

Apparatus
Head twitch response—HTR was assessed in a transparent Plexiglas cage (18.4 × 29.2 ×
12.7 cm) divided into four quadrants by plastic inserts. Four mice were tested
simultaneously. The behavior of the mice was recorded by a CCD video camera located
above the observation enclosure, digitized, and stored on a PC.

Mice were transferred to the testing room 1 h before testing. During the head twitch test
session, the mice were placed in the test cage and monitored for 10 min. Subsequently, the
number of head twitches (a rapid paroxysmal movement of the head with little or no
involvement of the trunk) was counted by an observer blind to the treatment and genotype,
where appropriate. The test cage was thoroughly cleaned between test sessions.

Mouse behavioral pattern monitor—Investigatory behavior and locomotor activity
were measured in 10 mouse BPM chambers (San Diego Instruments, San Diego, CA, USA).
The design of the mouse BPM system is based on the rat BPM (for a detailed description,
see Risbrough et al., 2006). The mouse BPM chamber is a clear Plexiglas box containing a
30 × 60 cm holeboard floor. Each chamber is enclosed in a ventilated outer box to protect it
from light and ambient noise from outside the chambers. The chamber contains 11 1.4-cm
holes (three in the floor and eight in the walls), each provided with an infrared photobeam to
detect investigatory nosepokes (holepokes). The location of the mouse is detected by a grid
of 12 × 24 photobeams located 1 cm above the floor. Rearing is detected by an array of 16
photobeams placed 2.5 cm above the floor and aligned with the long axis of the chamber.
The status of the photobeams is sampled every 55 ms. A change in the status of photobeams
triggers the storage of the information in a binary data file together with the duration of the
photobeam status. The raw data files are transformed into (x, y, t, event) ASCII data files
comprised of the (x, y) location of the animal in the mouse BPM chamber with a resolution
of 1.25 cm, the duration of each event (t), and whether a holepoke or rearing occurred
(event). The animal’s position was defined across nine unequal regions (four corners, four
walls, and center; Geyer et al., 1986). For these experiments, the measures assessed were
distance traveled, center duration, total holepokes and rearings, and spatial scaling measures.
The spatial scaling exponent d (Paulus and Geyer, 1991b) quantifies the geometrical
structure of the locomotor path. A value of 1 represents a path in a straight line, 1.5 a
meandering path, and 2 a highly circumscribed path. Mice were tested in the dark and during
the dark phase of their light cycle.

The animals were brought into the testing room 1 h before testing. During testing, a white
noise generator produced background noise at 65 dB. Injections were made under red lights
in the testing room. Data were collected for 60 min. The chambers were cleaned thoroughly
between testing sessions.

Procedure
Head twitch response—Psilocin, 1-methylpsilocin, and 5-MeO-DMT were administered
immediately prior to testing. Details of the individual HTR experiments are listed in Table 1.
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Mouse behavioral pattern monitor—Psilocin, 1-methylpsilocin, and 5-MeO-DMT
were administered 10 min prior to testing; SB 242,084 and WAY-100,635 were
administered 30 min prior to testing. Details of the individual BPM experiments are listed in
Table 2.

Data analysis
HTR was quantified as the number of occurrences during the 10-min observation period.
Horizontal locomotor activity was quantified as distance traveled. Center duration was
defined as the amount of time spent in the center region of the mouse BPM chamber. The
number of holepokes and rearings were calculated as measures of investigatory behavior.
Mouse BPM data were examined in 10-, 30-, and 60-min time resolutions. Data were
analyzed by using one-, two-, or three-way analyses of variance (ANOVAs) with sex,
genotype, pretreatment, and drug treatment as between-subject variables, and time as a
repeated measure. Specific post-hoc comparisons between selected groups were done using
Dunnett’s many-to-one test or Tukey’s studentized range method. Significance was
demonstrated by surpassing an α-level of 0.05. Data are presented in figures using the time
resolution that most clearly illustrates the time-course of drug effects or the interaction of
pretreatment and treatment.

Results
Effect of psilocin on HTR

Psilocin produced an inverted U-shaped dose-response function on HTR (F(5,45) = 10.60, p
< 0.0001). As shown in Figure 1A, the 0.6, 1.2, 2.4, and 4.8 mg/kg doses of psilocin
significantly increased the number of head twitches (p < 0.01, Tukey’s test). The 0.6, 1.2,
and 2.4 mg/kg doses of psilocin produced virtually identical effects on head twitch. The
median effective dose of psilocin was approximately 0.3 mg/kg.

To confirm that the HTR induced by psilocin is mediated by the 5-HT2A receptor, as
reported previously (Gonzalez-Maeso et al., 2007), psilocin was tested in 5-HT2A KO mice.
There was no main effect of sex on HTR, nor was there an interaction between sex and gene,
or sex, gene, and drug, so data were collapsed across sex (the same was true for subsequent
experiments using 5-HT2A KO mice). There was a significant main effect of psilocin on
HTR (F(1,24) 37.80, p < 0.0001) and a significant interaction between gene = and drug
(F(1,24) = 30.94, p < 0.0001). Post-hoc comparisons confirmed that the ability of 0.6 mg/kg
psilocin to induce the HTR in WT mice was not seen in 5-HT2A KO mice (p < 0.01,
Tukey’s test; Figure 1B).

Effect of 1-methylpsilocin on HTR
Administration of 1-methylpsilocin produced a dose-dependent increase in HTR (F(6,41) =
5.69, p=0.0002). Post-hoc analyses indicated that the 2.4, 4.8, and 9.6 mg/kg doses of
psilocin significantly increased the number of head twitches (p < 0.05, 0.01, Tukey’s test;
Figure 2A). The 9.6 mg/kg dose of 1-methylpsilocin was maximally effective, producing
12.1 ± 2.1 (mean ± SEM) head twitches during the 10-min observation period. The ED50 for
1-methylpsilocin was calculated as 0.7 mg/kg (95% confidence interval 0.2–1.2 mg/kg) by
non-linear regression analysis.

We compared the effect of 1-methylpsilocin in WT and 5-HT2A KO mice to determine
whether the 1-methylpsilocin-induced HTR is sensitive to deletion of the 5-HT2A receptor
gene. There was a significant main effect of 1-methylpsilocin (F(1,22) = 16.80, p=0.0005)
and a significant interaction of gene and drug (F(1,22) = 6.94, p=0.015). Treatment with 9.6
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mg/kg 1-methylpsilocin induced a significant HTR in WT mice and this effect was absent in
5-HT2A KO mice (p < 0.01, Tukey’s test; Figure 2B).

Effect of 5-MeO-DMT on HTR
There was a dose-dependent increase in HTR after administration of 5-MeO-DMT (F(3,20)
= 13.62, p < 0.0001). Specific comparisons demonstrated that the 10 and 20 mg/kg doses
significantly increased the frequency of HTR (p < 0.01, Tukey’s test; Figure 3A).

Administration of 5-MeO-DMT to WT and 5-HT2A KO mice confirmed that the effect on
HTR is mediated by the 5-HT2A receptor, as evidenced by a main effect of drug (F(1,19) =
30.86, p < 0.0001) and an interaction of gene and drug (F(1,19) = 24.61, p = 0.0001). As
shown in Figure 3B, the HTR induced by 20 mg/kg 5-MeO-DMT in WT mice is not seen in
mice lacking the 5-HT2A receptor gene (p < 0.01, Tukey’s test).

Effect of psilocin in the BPM
Psilocin reduced locomotor activity, as measured by distance traveled (F(5,48) = 9.96, p <
0.0001). The highest dose tested (4.8 mg/kg) was the most effective (see Figure 4A). There
was also a drug × time interaction (F(25,240) = 2.98, p < 0.0001). Post-hoc analysis
demonstrated that 4.8 mg/kg psilocin was the only dose that significantly reduced locomotor
activity, and this effect occurred during the second, third, and fourth 10-min time blocks of
the 60-min session (p < 0.01, Tukey’s test). The spatial scaling exponent, d, was altered by
treatment with psilocin (F(5,48) = 2.74, p = 0.03). with vehicle-treated animals, mice
Compared treated with 4.8 mg/kg psilocin exhibited more circumscribed patterns of
locomotor activity, as indicated by increased spatial d (p < 0.05, Dunnett’s test; Figure 4B).

There were main effects of psilocin on holepokes (F(5,48) = 17.90, p < 0.0001), rearings
(F(5,48) = 37.12, p < 0.0001), and center duration (F(5,48) 11.43, p < 0.0001). Pair-wise
comparisons demonstrated that = psilocin dose-dependently reduced holepoking (Figure 4C)
and rearing behavior (Figure 4D), as well as center duration (Figure 4E), during the entire
60-min session (p < 0.05, 0.01, Tukey’s test). Notably, psilocin significantly reduced
holepoking, rearing, and center duration when administered at doses ≤ 1.2 mg/kg,
demonstrating that psilocin is capable of affecting those behavioral measures when
administered at doses that are insufficient to alter locomotor activity or patterns to a
significant degree.

Effect of 5-HT1A receptor blockade on the response to psilocin in the BPM
Treatment with 4.8 mg/kg psilocin reduced distance traveled (F(1,36) = 24.36, p < 0.0001),
and there was an interaction between psilocin treatment and time (F(5,180) = 8.06, p <
0.0001). Pretreatment with the 5-HT 1A antagonist WAY-100635 (0.5 mg/kg) attenuated the
reduction of locomotor activity induced by psilocin, resulting in a significant interaction
between psilocin treatment and pretreatment with WAY-100635 (F(1,36) = 47.57 p <
0.0001). Indeed, as shown in Figure 5A, WAY-100635 completely blocked the effect of
psilocin on locomotor activity (p < 0.01, Tukey’s test). Although there was a significant
main effect of pretreatment with WAY-100635 on distance traveled (F(1,36) 29.56, p <
0.0001), this was not confirmed by post-hoc analysis. There was a main effect of psilocin on
spatial d (F(1,36) = 4.67, p = 0.02), but there was no interaction between treatment and
pretreatment (Figure 5B).

As expected, 4.8 mg/kg psilocin reduced holepoking (F(1,36) = 100.67, p < 0.0001), rearing
(F(1,36) = 70.36, p < 0.0001), and center duration (F(1,36) = 59.73, p < 0.0001). The ability
of psilocin to reduce holepoking behavior was attenuated by WAY-100635 (pretreatment ×
treatment: F(1,36) = 5.63, p = 0.023), and this finding was supported by post-hoc analyses (p
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< 0.01, Tukey’s test; Figure 5C). There was also a pretreatment × treatment interaction for
rearings (F(1,36) = 5.44, p < 0.03), but pair-wise comparisons demonstrated that
WAY-100635 failed to significantly attenuate the effect of psilocin on this measure of
investigatory behavior. Pretreatment with WAY-100635 also blocked the ability of psilocin
to reduce time spent in the center of the chamber (F(1,36) = 6.68, p = 0.014), as confirmed
by post-hoc analyses (p < 0.01, Tukey’s test; Figure 5D). There were main effects of
pretreatment with WAY-100635 on holepoking (F(1,36) = 16.76, p = 0.0002) and center
duration (F(1,36) = 8.32, p < 0.007), but there was no evidence from specific comparisons
that pretreatment with WAY-100635 actually significantly altered holepoking or center
duration in vehicle-treated animals.

Effect of 5-HT2A receptor gene deletion on the response to psilocin in the BPM
Although treatment with 4.8 mg/kg psilocin reduced distance traveled (main effect: F(1,35)
= 5.34, p < 0.03; drug × time: F(5,175) = 12.34, p < 0.0001), deletion of the 5-HT2A
receptor gene had no effect on the response to psilocin, as evidenced by the lack of a drug ×
gene interaction (F(1,35) = 0.21, NS). Likewise, there was no difference between the effects
of psilocin on spatial d, rearings, holepokes, or center duration in 5-HT2A receptor KO mice
compared with WT mice (data not shown). There was a main effect of gene on distance
traveled that approached but did not reach significance (F(1,35) = 3.01, p < 0.1).

Effect of 5-HT2C receptor blockade on the response to psilocin in the BPM
There was a main effect of psilocin on distance traveled (F(1,36) = 49.46, p < 0.0001) and
an interaction of treatment and pretreatment (F(1,36) = 6.92, p = 0.012). However,
inspection of the data revealed that this interaction was not due to blockade of psilocin-
induced hypoactivity by SB 242,084; rather, SB 242,084 modestly potentiated the effect of
psilocin on locomotor activity (see Figure 6A). For spatial d, there was an interaction of
pretreatment and treatment (F(1,36) = 9.29, p < 0.005) in addition to main effects of psilocin
treatment (F(1,36) = 21.85, p < 0.0001) and SB 242,084 pretreatment (F(1,36)= 9.29, p <
0.0001). Psilocin significantly increased spatial d during the entire 60-min session (p < 0.01,
Tukey’s test), and this effect was completely blocked by pretreatment with SB 242,084 (p <
0.01, Tukey’s test; Figure 6B). The effects of psilocin on other behavioral measures
(rearings, holepokes, center duration) were not altered by pretreatment with SB 242,084
(Figure 6C, 6D).

Effect of 1-methylpsilocin in the BPM
1-methylpsilocin had no effect of locomotor activity, spatial d, rearings, holepokes, or center
duration (data not shown). Importantly, 1-methylpsilocin was inactive even when tested at
doses that had significant effects on HTR.

Effect of 5-MeO-DMT in the BPM
As was found with psilocin, administration of 5-MeO-DMT reduced distance traveled (main
effect: F(2,32) = 17.55, p < 0.0001; drug × time: F(10,160) = 11.52, p < 0.0001). The lower
dose of 5-MeO-DMT (10 mg/kg) reduced distance traveled significantly during the first 20
min of the test session (p < 0.05, 0.01, Tukey’s test), whereas 20 mg/kg 5-MeO-DMT
reduced distance traveled for a longer period of time (p < 0.01, Tukey’s test; Figure 7A).
Animals treated with 5-MeO-DMT made more circumscribed patterns of locomotor activity
(main effect on spatial d: F(2,32) = 132.05, p < 0.0001; drug × time: F(2,32) = 28.28, p <
0.0001). Indeed, both 10 and 20 mg/kg 5-MeO-DMT increased spatial d during the entire
60-min test session (p < 0.01, Tukey’s test; Figure 7B).
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There were main effects of 5-MeO-DMT on holepokes (F(2,32) = 65.75, p < 0.0001) and
rearings (F(2,32) = 81.94, p < 0.0001). Pair-wise comparisons demonstrated that both doses
of 5-MeO-DMT reduced holepokes (Figure 7C) and rearings (Figure 7D) significantly
throughout the entire test session (p < 0.01, Tukey’s test). 5-MeO-DMT had no effect on
center duration.

Effect of 5-HT1A receptor blockade on the response to 5-MeO-DMT in the BPM
Treatment with 10 mg/kg 5-MeO-DMT reduced distance traveled (treatment effect: F(1,36)
= 17.63, p = 0.0002; treatment × time: F(5,180) = 24.25, p < 0.0001). There was an
interaction of pretreatment, treatment, and time (F(5,180) = 9.18, p < 0.0001) on distance
traveled. These interactions reflected a significant blockade of the effect of 5-MeO-DMT on
distance traveled by 0.5 mg/kg WAY-100635 (p < 0.05, 0.01, Tukey’s test; Figure 8A).
There was also an interaction of pretreatment and time (F(5,180) = 9.40, p < 0.0001), but
this was not confirmed by post-hoc comparisons. For spatial d, there was an interaction of
pretreatment and treatment (F(1,36) = 8.37, p < 0.007), as well as a three-way interaction
between pretreatment, treatment, and time (F(1,36) = 47.30, p < 0.0001). In addition, there
were main effects of 5-MeO-DMT treatment (F(1,36) = 36.56, p < 0.0001) and
WAY-100635 pretreatment (F(1,36) = 7.51, p < 0.01) on spatial d, as well as interactions
between 5-MeO-DMT and time (F(1,36) = 149.95, p < 0.0001) and WAY-100635 and time
(F(1,36) = 33.44, p < 0.0001). As shown in Figure 8B, 5-MeO-DMT significantly increased
spatial d during the first half of the 1 h session (p < 0.01, Tukey’s test), and this effect was
blocked by pretreatment with WAY-100,635 (p < 0.01, Tukey’s test). Although there were
main effects of 5-MeO-DMT treatment on rearings (F(1,36) = 47.71, p < 0.0001) and
holepokes (F(1,36) = 57.55, p < 0.0001), there was no interaction between 5-MeO-DMT and
WAY-100,635 pretreatment for those behavioral measures (data not shown).

Effect of 5-HT2C receptor blockade on the response to 5-MeO-DMT in the BPM
Although there were interactions between SB 242,084 pretreatment and 5-MeO-DMT
treatment for distance traveled (F(1,36) = 13.74, p = 0.0007) and holepokes (F(1,36) = 6.24,
p < 0.02), inspection of the data revealed that this interaction reflected a potentiation of the
effects of 5-MeO-DMT by SB 242,084, similar to the interaction with psilocin (data not
shown). The effects of psilocin on other behavioral measures (rearings, spatial d) were not
altered by pretreatment with SB 242,084 (data not shown).

Discussion
Indoleamine hallucinogens such as psilocin bind with high affinity to 5-HT recognition sites,
including 5-HT1A, 5-HT2A, and 5-HT2C receptors (Blair et al., 2000; McKenna et al., 1990;
Sard et al., 2005). In the present study, we examined the effect of treatment with the
indoleamines psilocin, 1-methylpsilocin, and 5-MeO-DMT on HTR and locomotor activity
and investigatory behavior in mice, and assessed the contributions of 5-HT receptors to
these behavioral effects. Confirming the results of earlier studies (Corne and Pickering 1967;
Darmani et al., 1990; Gonzalez-Maeso et al., 2003, 2007), psilocin and 5-MeO-DMT
produced dose-dependent increases in HTR. 1-methylpsilocin also induced the HTR,
although it was somewhat less potent than psilocin. Consistent with the fact that the HTR
serves as a selective assay for 5-HT2A agonist activity in rodents, we found that the ability
of psilocin, 1-methylpsilocin, and 5-MeO-DMT to induce the HTR is completely absent in
5-HT2A KO mice. It was previously reported that 5-HT2A KO mice do not display the HTR
in response to psilocin (Gonzalez-Maeso et al., 2007), but the present investigation is the
first to demonstrate that 5-HT2A KO mice are insensitive to the HTR-inducing effects of 5-
MeO-DMT and 1-methylpsilocin. We used genetically modified mice to explore the
involvement of 5-HT2A receptors because these animals are free from the problems of
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efficacy and selectivity that are often found with 5-HT2A receptor antagonists. We recently
reported that the mouse BPM is sensitive to the behavioral effects of the phenylalkylamine
hallucinogen DOI (Halberstadt et al., 2009), and thus we tested the effects of psilocin, 1-
methylpsilocin, and 5-MeO-DMT in this behavioral paradigm (see Table 3). Psilocin
reduced locomotor activity, investigatory behavior, and center duration. We have concluded
that these effects are mediated by the 5-HT1A receptor because they were blocked by the
selective 5-HT1A antagonist WAY-100635, but were not attenuated by pretreatment with the
selective 5-HT2C receptor antagonist SB 242,084 or by 5-HT2A receptor gene deletion. 5-
MeO-DMT produced psilocin-like behavioral effects in the mouse BPM, and the effects of
5-MeO-DMT on locomotor activity were also blocked by WAY-100635. In contrast to
psilocin and 5-MeO-DMT, 1-methylpsilocin had no effect on any measure in the mouse
BPM, even though the doses used had significant effects on HTR. Taken together, the
results of these experiments indicate that psilocin and 5-MeO-DMT act as mixed 5-HT1A/5-
HT2A agonists, whereas 1-methylpsilocin is acting more selectively as a 5-HT2A agonist.

Psilocin and 5-MeO-DMT increased the spatial scaling exponent spatial d, indicating that
these compounds changed the pattern of the mouse’s locomotor movements. Notably,
however, different receptor mechanisms were responsible for the effects of psilocin and 5-
MeO-DMT on spatial d. The increase of spatial d induced by psilocin was blocked by SB
242,084 but not by WAY-100635. By contrast, the effect of 5-MeO-DMT on spatial d was
completely blocked by WAY-100635 but was unaffected by SB 242,084. These data
indicate that the effects of psilocin and 5-MeO-DMT on spatial d are mediated by 5-HT2C
and 5-HT1A receptors, respectively. One of the more interesting findings with psilocin is
that different 5-HT receptor mechanisms are responsible for the effects of the drug on
locomotor activity and spatial d (i.e. 5-HT1A and 5-HT2C receptors, respectively),
confirming that these behavioral measures are independent. Indeed, previous studies
examining the effects of different classes of psychostimulants have also demonstrated that
drug effects on spatial d are independent of changes in locomotor activity (Paulus and
Geyer, 1991a).

In rats, 5-MeO-DMT produces decreases in locomotor activity in the BPM (Wing et al.,
1990), an effect that is mediated by the 5-HT1A receptor (Krebs-Thomson et al., 2006).
Importantly, we have now confirmed that 5-MeO-DMT reduces locomotor activity in mice
through the same mechanism. Although it is generally accepted that most of the effects of
hallucinogens are mediated by the 5-HT2A receptor (Halberstadt and Nichols, 2010;
Nichols, 2004), these findings demonstrate that interactions with the 5-HT1A receptor also
contribute to the behavioral effects of indoleamine hallucinogens. In fact, there is a large
amount of evidence that the 5-HT1A receptor plays an especially prominent role in the
mechanism of action of 5-MeO-DMT (Berendsen et al., 1989; Eison and Wright, 1992;
Lucki et al., 1984; Sanchez et al., 1996; Smith and Peroutka, 1986; Spencer et al., 1987;
Tricklebank et al., 1985; Winter et al., 2000). Other hallucinogenic indoleamines that have
been shown to induce behavioral effects via the 5-HT1A receptor include LSD (Krebs and
Geyer, 1994; Krebs-Thomson and Geyer, 1996) and N,N-dipropyltryptamine (DPT)
(Fantegrossi et al., 2008; Li et al., 2007).

WAY-100635 completely blocked the effect of psilocin on locomotor activity, suggesting
that this effect is mediated by the 5-HT1A receptor. As far as we are aware, besides the
current report there is very little evidence that 5-HT1A interactions contribute to the
behavioral effects of psilocin. Studies in human volunteers have shown that ketanserin
almost completely blocked the subjective effects of psilocybin (Carter et al., 2007;
Vollenweider et al., 1998), demonstrating that the hallucinogenic effects of psilocybin are
mediated by actions at the 5-HT2A receptor. Likewise, it was previously reported that the
discriminative stimulus induced by psilocybin in rats is attenuated by M100907 but not by
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WAY-100635 (Winter et al., 2007). This finding contrasts with 5-MeO-DMT-induced
stimulus control, which is attenuated to varying degrees by WAY-100635 and the selective
5-HT2 antagonist pirenperone (Winter et al., 2000). Although differences between the
pharmacology of psilocin and psilocybin could potentially explain the discrepant findings,
the fact that psilocybin serves as a prodrug of psilocin argues that they are likely
pharmacologically equivalent.

Given that psilocin markedly altered exploratory and investigatory behavior, it was
somewhat surprising to find that the N1-methylated homologue 1-methylpsilocin was
completely inactive in the mouse BPM. The fact that 1-methylpsilocin did not mimic the
behavioral effects of psilocin and 5-MeO-DMT on locomotor activity indicates that this
psilocin derivative does not act as a 5-HT1A agonist, at least within the dose range tested.
Psilocin has been reported to bind to the 5-HT1A receptor with high affinity (Ki = 49 nM;
Blair et al., 2000). According to experiments conducted by the NIMH Psychoactive Drug
Screening Program (http://pdsp.med.unc.edu), 1-methylpsilocin displaces [3H]8-OH-DPAT
binding to recombinant human 5-HT1A receptors with a Ki = 359 ± 38 nM (unpublished
PDSP data). The fact that 1-methylpsilocin binds to the 5-HT1A receptor with approximately
seven-fold lower affinity than psilocin may explain why the former agent had no effect
when tested in the BPM. N1-alkyl substitution of tryptamines reduces agonist efficacy at the
5-HT2A receptor (Johnson et al., 1994). Although similar findings have not been reported for
the 5-HT1A receptor, it is possible that N1-methylation may reduce the efficacy of psilocin
at the 5-HT1A receptor.

Members of both the phenylalkylamine and indoleamine classes of hallucinogens produce
remarkably consistent effects on investigatory and exploratory behavior in rats, including
reductions of locomotor activity and investigatory responding and increased avoidance of
the center of an open field (Adams and Geyer, 1985; Geyer et al., 1979; Krebs-Thomson et
al., 2006; Mittman and Geyer, 1991; Wing et al., 1990). We recently reported that in mice
the hallucinogen DOI can either increase or decrease locomotor activity depending on the
dose administered, effects that are mediated by 5-HT2A and 5-HT2C receptors, respectively
(Halberstadt et al., 2009). Here, we found that psilocin and 5-MeO-DMT reduce locomotor
activity in mice via activation of 5-HT1A receptors. The fact that phenylalkylamine and
indoleamine hallucinogens produce disparate behavioral effects in mice indicates that the
mouse BPM may have utility in the detection of subtle behavioral differences between
members of these two classes of hallucinogens. Further, given that activity in the mouse
BPM is sensitive to stimulation of 5-HT1A, 5-HT2A, and 5-HT2C receptors, it is likely that
this paradigm will prove useful in delineating the contributions of individual 5-HT receptor
subtypes to the behavioral effects of hallucinogens. Since a similar BPM paradigm has been
developed in humans (Perry et al., 2009), such studies could be extended across species,
unlike the case for the HTR paradigm. These preclinical studies may inform the field on the
mechanism of action of hallucinogens such as psilocybin that are currently being evaluated
as potential therapeutic agents. Additional studies are currently in progress to characterize
the effects and mechanism of action of a much larger series of phenylalkylamine and
indoleamine hallucinogens on locomotor activity and investigatory responding in mice.

There is evidence that psilocybin and other hallucinogens can reduce OCD symptoms in
humans (Moreno and Delgado, 1997; Moreno et al., 2006). The mechanism for this effect
may involve activation of the 5-HT2C receptor (Rosenzweig-Lipson et al., 2007), and it has
been reported that N1-methylation significantly enhances the selectivity of psilocin for the
5-HT2C receptor (Sard et al., 2005). Importantly, with regard to HTR, we found that 1-
methylpsilocin evoked this behavior with lower potency than psilocin. Most 5-HT2A
agonists that induce the HTR in rodents have hallucinogenic effects in humans; thus, it is
very likely that 1-methylpsilocin would produce LSD-like effects if administered to humans
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at sufficient dosages. Although we did not directly compare the behavioral potencies of
psilocin and 1-methylpsilocin for activation of the 5-HT2C receptor, 1-methylpsilocin is
slightly more potent than psilocin as an agonist at human 5-HT2C receptors in vitro (Sard et
al., 2005). Given these findings, it appears that 1-methylpsilocin has the potential to evoke
psilocybin-like effects on OCD, but is less likely than psilocybin to provoke unwanted
hallucinogenic effects if administered at equivalent doses. Furthermore, because 1-
methylpsilocin is behaviorally inactive as a 5-HT1A agonist, it may be free from effects on
arousal and vigilance that have been noted to occur in human volunteers after administration
of psilocybin (Carter et al 2007). Although additional studies are needed to confirm the
clinical efficacy of psilocybin, the present findings indicate that 1-methylpsilocin represents
a potentially useful alternative to psilocybin for development as a therapeutic agent.
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Figure 1.
Effect of psilocin on head twitch response. (A) Dose-response of psilocin. (B) Effect of 0.6
mg/kg psilocin in wild-type (WT) and 5-HT2A knockout (KO) mice. Data are presented as
group means ± SEM. Drug doses are given in mg/kg. **p < 0.01, significant difference from
vehicle control group; ##p < 0.01, significant difference from WT animals given psilocin.
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Figure 2.
Effect of 1-methylpsilocin on head twitch response. (A) Dose-response of 1-methylpsilocin.
(B) Effect of 9.6 mg/kg 1-methylpsilocin in wild-type (WT) and 5-HT2A knockout (KO)
mice. Data are presented as group means ± SEM. Drug doses are given in mg/kg. *p < 0.05,
**p < 0.01, significant difference from vehicle control group; ##p < 0.01, significant
difference from WT animals given 1-methylpsilocin.
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Figure 3.
Effect of 5-MeO-DMT on head twitch response. (A) Dose-response of 5-MeO-DMT. (B)
Effect of 20 mg/kg 5-MeO-DMT in wild-type (WT) and 5-HT2A knockout (KO) mice. Data
are presented as group means ± SEM. Drug doses are given in mg/kg. **p < 0.01,
significant difference from vehicle control group; ##p < 0.01, significant difference from
WT animals given 5-MeO-DMT.
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Figure 4.
Behavioral response to psilocin in mice in the Behavioral Pattern Monitor. Effect on (A)
distance traveled (in cm), (B) spatial d, (C) number of holepokes, (D) number of rearings,
and (E) time spent in the center (duration in min). Data are presented as group means±SEM
for successive 10-min intervals (A) or group means±SEM (B)–(E). Drug doses are given in
mg/kg. *p < 0.05, **p < 0.01, significant difference from vehicle control group.
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Figure 5.
Effect of WAY-100635 on the behavioral response to psilocin. (A) Distance traveled (in
cm). (B) Spatial d. (C) Number of holepokes. (D) Time spent in the center (duration in min).
Data are presented as group means±SEM. Drug doses are given in mg/kg. **p < 0.01,
significant difference from vehicle control group; ##p < 0.01, significant difference from
animals given only psilocin.
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Figure 6.
Effect of SB 242,084 on the behavioral response to psilocin. (A) Distance traveled (in cm).
(B) Spatial d. (C) Number of holepokes. (D) Time spent in the center (duration in min). Data
are presented as group means±SEM. Drug doses are given in mg/kg. *p < 0.05, **p < 0.01,
significant difference from vehicle control group; ##p < 0.01, significant difference from
animals given only psilocin.
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Figure 7.
Behavioral response to 5-MeO-DMT in mice in the Behavioral Pattern Monitor. Effect on
(A) distance traveled (in cm), (B) spatial d, (C) number of holepokes, and (D) number of
rearings. Data are presented as group means±SEM for successive 10-min intervals (A) or
group means±SEM (B)–(D). *p < 0.05, **p < 0.01, significant difference from vehicle
control group.
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Figure 8.
Effect of WAY-100635 on the behavioral response to 5-MeO-DMT. (A) Distance traveled
(in cm). (B) Spatial d. Data are presented as group means±SEM for successive 10-min
intervals (A) or group means±SEM (B) Drug doses are given in mg/kg. **p < 0.01,
significant difference from vehicle control group; #p < 0.05, ##p < 0.01, significant
difference from animals given only 5-MeO-DMT.
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Table 1

Details of individual head twitch response (HTR) experiments

Experiment Treatment Animals

1 Vehicle or psilocin (0.3, 0.6, 1.2, 2.4, 4.8mg/kg) n = 7–10 (51 total)

2 Vehicle or psilocin (0.6mg/kg) WT and 5-HT2A KO mice, n = 7 (7 WT and 7 KO male mice,
and 7 WT and 7 KO female mice)

3 Vehicle or 1-methylpsilocin (0.3, 0.6, 1.2, 2.4, 4.8,
9.6mg/kg)

n = 6–7 (48 total)

4 Vehicle or 1-methylpsilocin (9.6mg/kg) WT and 5-HT2A KO mice, n = 5–7 (7 WT and 5 KO male mice,
and 7 WT and 7 KO female mice)

5 Vehicle or 5-MeO-DMT (5, 10, 20 mg/kg) n = 5–7 (24 total)

6 Vehicle or 5-MeO-DMT (20 mg/kg) WT and 5-HT2A KO mice, n = 5–6 (12 WT and 11 KO male mice)
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Table 2

Details of individual Behavioral Pattern Monitor (BPM) experiments

Experiment Pretreatment Treatment Animals

8 — Vehicle or psilocin (0.3, 0.6, 1.2, 2.4, 4.8 mg/kg) n = 8–10 (54 total)

9 Vehicle or WAY-100635 (0.5
mg/kg)

Vehicle or psilocin (4.8 mg/kg) n = 10 (40 total)

10 — Vehicle or psilocin (4.8 mg/kg) WT and 5-HT2A KO mice, n = 4–6 (12
WT and 9 KO male mice, and 8 WT
and 10 KO female mice)

11 Vehicle or SB 242,084 (3 mg/
kg)

Vehicle or psilocin (4.8 mg/kg) n = 10 (40 total)

12 — Vehicle or 1-methylpsilocin (0.6, 1.2, 2.4, 4.8, 9.6
mg/kg)

n = 9–10 (58 total)

13 — Vehicle or 5-MeO-DMT (10, 20 mg/kg) n = 11–12 (35 total)

14 Vehicle or WAY-100635 (0.5
mg/kg)

Vehicle or 5-MeO-DMT (10 mg/kg) n = 7–12 (40 total)

15 Vehicle or SB 242,084 (3 mg/
kg)

Vehicle or 5-MeO-DMT (10 mg/kg) n = 10 (40 total)
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Table 3

Effects of psilocin,1-methylpsilocin, and 5-MeO-DMT in the Behavioral Pattern Monitor (BPM)

Drug Behavioral measure Effect Blocked by

Psilocin Locomotor activity ↓ WAY-100635

Spatial d ↑ SB 242,084

Holepoking ↓ WAY-100635

Rearing ↓ —

Center duration ↓ WAY-100635

1-Methylpsilocin Locomotor activity 0 —

Spatial d 0 —

Holepoking 0 —

Rearing 0 —

Center duration 0 —

5-MeO-DMT Locomotor activity ↓ WAY-100635

Spatial d ↑ WAY-100635

Holepoking ↓ —

Rearing ↓ —

Center duration 0 —
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